Terpyridine ligands are widely used in chemistry and material sciences owing to their ability to form stable molecular complexes with a large variety of metal ions. In that context, variations of the substituents on the terpyridine ligand allow to modulate the material properties. Applying the Stille cross-coupling reaction we prepared with good yields a new series of terpyridine ligands possessing quinoline-type moieties in ortho-, meta-and para-positions and dimethylamino substituents at central or distal positions. The corresponding cobalt(II) complexes were synthesized and fully characterized by elemental analysis, single crystal X-ray crystallography, mass spectrometry, UV-vis, 1 H-NMR and Fourier Transform Infrared (FT-IR) spectroscopies as well as by cyclic voltammetry (CV). Density functional theory (DFT) calculations were performed to investigate the electronic structure of all the Co(II) bis-terpyridyl molecular complexes. In this work, we show that terpyridine ligand functionalization allows tuning the redox potentials of the Co(III)/Co(II), Co(II)/Co(I) and Co(I)/Co(I)(tpy)− couples over a 1 V range.
INTRODUCTION
Molecular complexes containing a metal center and one or two terpyridine ligands have been extensively studied as photosensitizers, 1 redox shuttles for Dye Sensitized Solar Cells (DSSC), 2 anolytes for redox flow batteries, 3 ion sensors, 4 nanowire transistors, 5 supramolecular polymers, 6 but also for nonlinear optics, 7 and catalysis for proton 8 and CO2 reduction. 8a, 9 The properties of such complexes have been shown to be strongly influenced by the electronic nature of the terpyridine ligands. The potential applications of terpyridyl complexes as photosensitizers have been previously investigated by Damrauer and co-workers, using the iron complex, and by 3 Berlinguette and co-workers, using ruthenium complexes. 1 Limitations arise from the lack of efficient procedures to synthesize new terpyridine ligands, in particular bearing electronically different substituents, which is still a current research topic. 10 Following the initial synthesis of terpyridine in 1932 by oxidative coupling of pyridine using anhydrous FeCl3 salt, 11 several alternative synthetic routes have been employed, however with limited efficiency in terms of yield and selectivity. Syntheses based on Pd(0)-catalyzed pyridine coupling 12 or oxidation of diacetylpyridine, followed by a condensation with an ,-unsaturated aldehyde in the presence of ammonium acetate 13 have been proposed. Such methods and other similar ones allowed to introduce aliphatic functional groups.
Syntheses using Hiyama, Suzuki and Stille cross-coupling reactions have recently been reported. 14 In particular, the application of Stille cross-coupling for the preparation of terpyridines achieved in 1996 by Jean-Pierre Sauvage and co-workers 14c allowed the isolation of a variety of substituted terpyridines. Surprisingly little has been done to study the electronic effects of these ligands on the physico-chemical properties of their metal complexes. 8a In this work, we have studied a new series of substituted terpyridine ligands L2 -L8, shown in Figure 1 , with the parent terpyridine ligand L1 as a reference. The introduced functional groups were chosen to allow investigating the influence of a broad range of electronic environments.
Ligand L2 holds two highly antagonistic electronic groups, one electron-donating substituent (dimethylamino) on the central ring, and two electron-withdrawing substituents (trifluoromethyl) on the distal rings. L2 was chosen to investigate the influence of functionalization at the 4-distal position relative to the 4-central position, with special interest of compensating effects. Ligands L3 -L5 holding quinolines in three different orientations (L3: ortho, L4: meta, L5: para) were designed as compounds with potential ability to delocalize a negative charge. Ligands L6 -L8 4 form a class of strongly electron-enriched dimethylamino-based terpyridines. The number of 4dimethylamino groups varied from one on the central ring in L6 to two on distal ones in L7 or one on each ring in L8. In addition, ligands L6 -L8 possess a methyl group at 2-position acting as a weak electron donor. 
RESULTS AND DISCUSSSION

Synthesis of substituted terpyridine ligands. Synthesis of the ligands using Hiyama, Negishi
and Suzuki cross-coupling reactions proved unsuccessful, affording only traces of products. The various reaction conditions investigated are summarized in Scheme S3. Alternatively, we investigated a synthetic route based on the Stille cross-coupling reaction, as described in Figure   3 . Two different strategies were followed: (i) for the preparation of quinoline derivatives (L3 -L5), 2-(halo)-pyridine 1 was coupled to 2-(bisorganostannyl)-pyridine 2; (ii) for terpyridines holding a dimethylamino group on the central ring (L2, L5), 2-(organostannyl)-pyridine 3 was coupled to 2-(diiodo)-pyridine 4 (Figure 3 ). Both strategies provided sufficient amounts of product, with an isolated yield of 37 -94 %. Ligands L7 and L8 holding distal dimethylamino 6 groups were prepared according to previously reported procedures involving the coupling of 2,6pyridinedicarboxylic acid derivatives 5 with -ketoenamine 6, a subsequent cyclocondensation reaction to 7 followed by activation and aromatic nucleophilic substitution. 15 Figure 3 . Synthetic strategies applied to obtain ligands L2 -L8.
Synthesis of [Co(terpyridyl)2](PF6)2 complexes. The corresponding bis-substituted cobalt(II)
complexes C1 -C8 were obtained by reacting stoichiometric ratios of the ligand and cobalt dichloride in methanol under reflux followed by precipitation of the complex through anion exchange with ammonium hexafluorophosphate (NH4PF6). 16 All complexes are paramagnetic as confirmed by their 1 H-NMR spectra showing peaks at up to ca 120 ppm (Figure S12 -S19). For all complexes the number of peaks in proton NMR at 300 K is consistent with a C2v symmetry.
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The bands assigned to the ligands in the FT-IR spectra of complexes C1 -C8 are characterized by significant shifts reflecting complexation with cobalt(II) ( Figure S49 ). The electronic effects of the ligands can be nicely probed by UV-Vis spectroscopy: (i) the -* transition bands (allowed transitions) in the UV-vis spectra are red-shifted upon complexation with Co(II) (e.g. max L1 = 277 nm, max C1 = 317 nm, Figure S50 -S57) and (ii) light absorption by complexes C1 -C8 starts at much lower energy (ca. 500 -600 nm), as compared to the free ligands (below 400 nm) ( Figure S50 -S57).
Crystal structures. Crystals were obtained by slow evaporation of acetone -toluene (2:1 v:v)
solutions of the complexes. The crystal structures were determined for C1 and C3 -C8 (single crystals of C2 of sufficient quality could not be obtained) and are shown in Figure 4 (crystallographic parameters are given in Table S1 and S2). Distorted octahedral geometries (ML6) were found for all complexes, with two ligands per Co center and three nitrogen atoms of each ligand coordinating the cobalt(II) ion. For each complex, two hexafluorophosphate counter ions are present in the unit cell to balance the charges.
We first examined the structural changes induced by the different substituents on the ligands. We defined the orthogonality between the ligands in each complex by means of two parameters, i.e., the acute  and the obtuse  Ndist-Co-Ndist angles as shown in Figure 5 (a) . A difference between these two values reflects a deviation from orthogonality. The results are summarized in Table 1 .
While in complex C1, as well as in C4, C7 and C8, the angles  and  have comparable values with differences < 3, significant deviations are observed in the case of complexes C3, C5 and C6 (Table 1) , with  and  values of 89 and 97, respectively (C5), and 91 and 96, respectively (C3 and C6). The largest deviation was observed for complex C5 likely due to 8 intermolecular -interactions with neighboring complexes and co-crystallized toluene solvent molecules (see below).
Additionally, deviation from planarity of the ligands in these complexes was quantified using three descriptors, d1, d2 and d3, (see Figure 5 (b)): they account for the deviation of each pyridyl ring with respect to a plane defined by the three nitrogen atoms of one ligand. The descriptors measure the corresponding distance between the plane and the 4-pyridyl position in each pyridyl ring (see Table 1 ). The ligands in C1 are fully planar (< 0.07 Å deviation), while those in C8 deviate slightly from ideal planarity (d1 is only +0.2 Å). Ligands in C3 show the largest deviation, which likely originates from the steric repulsion of hydrogens from central and distal 3-pyridyl positions. As a result, the central pyridyl ring is displaced upwards (d1 = +1.14 Å) and the distal ones are displaced downwards (d2 = -0.70 Å, d3 = -0.62 Å). In contrast, ligands in C4, C5, C6 and C7 have a distorted shape, with a d2 value as high as 0.75 Å in C6. It seems that planarity is obtained when the three pyridyl moieties of the ligand are identical, while significant distortions occur when they differ in their substituents. . Surprisingly, the Co-Ncent distance in complex C4 is significantly shorter (1.88 Å) than the corresponding Co-Ncent distances in the other complexes that vary in the range of 2.02 -2.06 Å.
The Co-Ndist bond lengths in that complex (2.06 Å) are also significantly shorter than the Co-Ndist distances in the other complexes (2.15 -2.27 Å). Since the redox state of these systems is the same, it is likely that the uniqueness of C4 is due to adoption of a different spin state (see below). The steric bulk of the ligands was measured using the VBur (% buried volume) parameter defined as the fraction of the total volume of a sphere, centered on the metal, occupied by the ligand, using the crystallographic data ( Figure S58 , see SI for details). 17 For the calculations, the sphere radius was chosen as the distance between the cobalt center and the centroid of the two carbon atoms adjacent to the central N atom. That distance in C1 is 2.7 Å and was used as a reference. The radius R and the mesh spacing were fixed to 3.5 Å and 0.05 Å, respectively.
Consequently, the ligands L1 -L8 could be classified in two classes in terms of steric hindrance (Table S3) Cyclic voltammetry. In order to investigate the influence of the terpyridine substituents on the redox properties of the complexes, cyclic voltammograms (CVs) of complexes C1 -C8 were recorded in acetonitrile solution. The data are shown in Figure 6 and in Table 3 . All potentials are given with respect to Ferrocene / Ferrocenium redox potential. The first reduction wave for all complexes is reversible, while the reversibility of the second reduction is dependent on the ligand used. As the most cathodic wave was irreversible in the case of C2 and C4, the scan rate was varied from 50 to 1000 mV/sec. While this had no effect on C2, C4 showed a reversible signal at high scan rates (above 100 mV/sec). On the other hand, the CV of C2 in DMF at a scan rate of 1000 mV/sec displays reversible features ( Figure S60 ). The observed irreversibility might result from a structural or chemical transformation of the system, possibly a decoordination of the ligand upon reduction. As expected, the measured reduction potential values strongly depend on the ligand structure, dimethylamino group on each of the three rings generates the most electron-rich ligand L8, resulting in very negative potential values for C8 (E red1 = -1.92 V and E red2 = -2.49 V). Based on these considerations, the electron donating power of the ligands could be classified as follows:
Interestingly, the very cathodic potential of -2.30 V with full reversibility observed in the case of complex C7, combined with its very high solubility in acetonitrile, makes it a promising compound for redox flow batteries applications.
Initial attempts to measure the oxidation potential of C1 were performed under the conditions used for the reduction (glassy carbon electrode, 0.1 M TBAClO4 electrolyte in acetonitrile, Figure S62 ). However, the strong increase of current observed at ≈ -0.1 V indicated formation of a solid deposit on the electrode. Interestingly, a fully reversible wave was observed when DMF was used as a solvent ( Figure S63 ). This could be overcome in acetonitrile by changing the electrolyte. As shown in Figure S64 , lithium bistrifluoromethanesulfonimidate (LiTFSI) proved the best electrolyte and was further used to study C2 -C8 ( Figure S64 ). Choice of the electrode material was critical, and thus, we utilized both glassy carbon and gold electrode ( Figure S65 ).
Specifically in the case of C2, no oxidation wave could be detected on a glassy carbon electrode, while a fully reversible oxidation was observed on a gold electrode. C1 -C4 display a fully reversible oxidation with a peak-to-peak separation below 100 mV ( Figure S65 ). C5 -C8 have less resolved redox waves, with large peak-to-peak separations and/or irreversibility. Such an electrochemical behavior has been previously observed and is likely due to a slow electron selfexchange rate between the Co II and Co III centers at the electrode surface, as compared to the electron transfer rate between the electrode and the cobalt ions. 18 The Co(III/II) redox potentials are given in Table 3 , and a comparison with other previously reported cobalt bis-terpyridyl systems is given in Figure S66 and Table S4 . [18] [19] It shows that this class of system can span a broad range of potentials, more than 1 V. As expected, in the C6 -C8 series the Co(III/II) redox potential is shifting to more cathodic values when adding more amino substituents on the tpy ligand. Interestingly, the potential of C6 (+0.53 V) was much more positive than that of R1 (-0.39 V), a previously reported cobalt bis-terpyridyl complex with a N-pyrrolidine at the 4-central position ( Figure S66 and Table S4 ). This is likely explained by the strong effect of the methyl groups in C6. It appears that the factors governing Co(III/II) redox potentials are rather complex and not straightforward, as strong variations can result from rather minor structural and electronic differences. The electronic and structural properties of [Co(tpy)2] 2+ referred to as C1 in this work, have previously been studied by Wieghardt et al. 20 and Hauser et al. 21 All systems contained Co(II) ions in a d 7 electronic configuration, thus potentially allowing the existence of two different spin states, a 2 E low-spin doublet and a 4 T high-spin quartet state. Our calculations show that for all complexes, the quartet states are energetically more favorable (within 6 kcal mol -1 for C1 -C5 and as high as 9.4, 9.5, 10.7 kcal mol -1 for the three dimethylamino-containing systems C6, C7 and C8, respectively) ( Table S5 ). The optimized geometries are in very good agreement with the experimental X-ray data (Table 1 and in an octahedral ligand field. In the low-spin complexes, the Jahn-Teller distortion will cause significant tetragonal compression, manifested in elongation of the equatorial metal-ligand (Co-Ndist) bonds, which coupled with the rigid structure of the tpy ligands will cause the shortening of the Figure   S75 ). Test calculations with different DFT functionals, such as B3LYP-D3, B97D and M06 predicted virtually the same geometry. A closer inspection of the C5 crystal structure revealed that such dispersive interactions are prevented by the existence of four aromatic rings: two toluene solvent molecules and two central pyridyl units from the neighboring C5 complexes in the unit cell. We have thus performed an optimization of C5 with four toluene molecules between the quinoline ligands, and indeed the perpendicular arrangement of the L5 ligands is maintained, in a good agreement with the experimental structure (see Table 1 ).
The DFT computed descriptors also indicate that the ligands in all complexes deviate significantly from planarity, except for both spin states of C2 and C4. In C5 the para-quinoline Thus, the main difference in the spin states in all complexes C1 -C8 is the population of the Co 3d z 2 orbital in the quartet states, decreasing the back-bonding of Co to the central pyridyl ring, thus providing an explanation of the change in the Co-Ncent distance, which is elongated by ~0.2 Å when passing from low-spin to high-spin state.
Finally, our calculations show that the first electron reduction of complexes C1 -C8 is always metal-based and corresponds to the reduction of Co II to Co I , with an electron occupying the antibonding * Co-Ncent orbital (having mainly 3d z 2 character). The second reduction, on the other hand, corresponds to a ligand-based event (see Figure 6 ). While in C1 the electron is delocalized over the entire ligands, in C2 it is localized on the distal rings due to the electronwithdrawing CF3 groups, while in the quinoline-based C3 -C5 complexes it is localized 21 primarily on the central ring, involving parts of the distal quinoline rings, but not the terminal phenyl rings (C5). Similarly, in the dimethylamino-substituted complexes C7 and C8 the electron reside on the central ring, whereas in C6 it is delocalized on the entire L6 ligand. Purifications with flash liquid chromatography were carried out using a Reveleris X2 system (Grace, Columbia, USA) equipped with disposable silica columns. For synthesis, the solutions were degassed (when mentioned) by bubbling argon in the solution for at least 20 minutes. Dry solvents (when mentioned) were obtained using a MBraun Solvent Purification System.
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CONCLUSIONS
Computational Methods. Molecular geometries were optimized at the M06-L 25 /6-311+G(d,p) 26 level of density functional theory using the Gaussian 09 software package. 27 Quasirelativistic Stuttgart/Dresden effective core potential was used on Co. 28 The integral evaluation made use of the grid defined as "ultrafine" in G09. Frequency calculations on optimized geometries insured structures were minima (zero imaginary frequency) on the potential energy surface. 126.84, 126.91, 127.62, 128.13, 130.13, 137.19, 137.89, 141.81, 157.32, 157.48 24.70, 39.64, 103.72, 118.49, 122.95, 136.68, 155.78, 156.42, 157.52 
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